INTRODUCTION
The credit of the bender element (BE) test is usually given to Shirley and Hampton (1978) . Since a BE is handy and durable, it has been successfully applied to a number of testing devices such as consolidometer (Jamiolkowski et al., 1995) and triaxial apparatus (Viggiani and Atkinson, 1995; Jovicic et al., 1996; Hwang et al., 1998) . The BE test is mainly used for determining the shear wave velocity of soil. Since the shear wave velocity relates with dynamic shear modulus, it is one of fundamental parameters for the design of machine foundations and buildings in earthquake prone areas. The shear wave velocity is also used to indicate the quality of soil sample (Landon et al., 2007) and to study the consolidation process of clay (Fam and Santamarina, 1997) . Hence, it is an essential parameter in geotechnical engineering.
Over the past decade, several techniques have been suggested for measuring the shear wave velocity using BEs. The primary aim of the techniques is to determine the travel time of a signal that propagates from a transmitter to a receiver through a soil sample. To conduct the test, a step signal (Dyvik and Madshus, 1985) , single sinusoidal signal (Viggiani and Atkinson, 1995) , single distorted sinusoidal signal (Jovicic et al., 1996) and sinusoidal burst signal (Arroyo et al., 2003) are used as driving signals. Once a wave is transmitted and arrived at a receiver, the shear wave velocity, V s , can be calculated by
where L and tt are the travel distance and the travel time, respectively. Although the arrival of wave can be realised by the receiver, it is still controversial about which part should be identiˆed as the true arrival point of the wave. The di‹culties arise from the coupling of shear wave to the compression wave (near-ˆeld eŠect), the interference of indirect waves, and the attenuation of wave amplitude in soil sample. Several techniques are proposed to determine the travel time such as cross-correlation technique (Viggiani and Atkinson, 1995), travel time between characteristic points of input and output signals (Viggiani and Atkinson, 1995; Lohani et al., 1999; Kawaguchi et al., 2001) and travel time using the second arrival in the output signal (Arulnathan et al., 1998; Lee and Santamarina, 2005) .
In addition to the di‹culty to identify theˆrst arrival point, it is obvious that the velocity obtained is a group velocity. Although, the phase and group velocities are the same for non-dispersive medium, they are unequal and frequency dependent for dispersive material such as soil. Brillouin (1960) showed that a pulse train is a superposition of waves with their mean amplitude propagating at the speed of group velocity, [ group. The relation between the group velocity, wave number and angular frequency is given by
where v(＝2pf ) is the angular frequency and k(＝2p/l) is the wave number. Due to the fact that a wave travels one wavelength, l, per period, T, the phase velocity, [ phase, of wave can be expressed as the product of frequency, f, and wavelength (Pain, 1999) ,
Therefore, the relationship between phase and group velocities can be obtained from Eqs. (2) and (3) as
By adopting p-point phase technique (Sachse and Pao, 1978) , Greening and Nash (2004) reported that group velocity of shear wave is higher than phase velocity when it propagates through Gault clay specimen. Their work implies that dynamic shear modulus can be overestimated when it is derived from group velocity.
For the travel distance in Eq. (1), it is common to use tip-to-tip distance as supported by Dyvik and Madshus (1985) and Viggiani and Atkinson (1995) . Since the distance is indirectly taken from the diŠerence between initial height of specimen and the tip-to-base distance of BEs, some uncertainties may arise from: 1) the deformation of soft clay sample during installation into a testing platform, and 2) the tilting of plugged BEs which make the tip-to-tip distance diŠer from the ideal condition.
VARIABLE-PATH LENGTH METHOD
To circumvent the uncertainty of the travel time and travel distance, a new approach to determine the shear wave velocity is introduced in this paper. The idea of variable-path length method by using continuous sinusoidal signal originated from the work of Lynnworth et al. (1981) and is adopted for soil testing by the authors. The advantage of the proposed method is the ability to determine phase velocity of shear wave at arbitrary frequency. It also yields high signal recovery which is preferable for highly damped soil. Since the proposed method does not use the initial tip-to-tip distance to determine the velocity, the errors that may arise from installation can be avoided.
The fundamentals of variable path-continuous wave method can be stated as``The velocity of a wave is connected with the phase diŠerence between the vibrations observed at two diŠerent points during the propagation of the wave''. A plane wave propagating in an undamped medium can be written as
where x is the position in the direction of propagation, y is the displacement of an oscillating particle at x, A is the maximum displacement from an equilibrium point, t is the time and q is phase diŠerence. Shown in Fig. 1 , a change in x of l causes a change in q of 2p or a change in time lag, tlag, of an oscillation period, T(＝1/f ). Every full period of tlag change as x is changed demonstrates an increment of path length which is equal to l. Hence, l can be calculated using equation
Figure 1(a) shows a continuous sine wave signal generated at a transmitter and captured by a receiver at a diŠer-ent position and Fig. 1(b) illustrates the signal motion with time for transmitted and received signals. When the receiver is located at position x1, the time lag is tlag, 1. After the receiver is located at a new position x2, the value of time lag is tlag,2. Hence, the value of Dtlag is equal to the diŠerence between tlag, 1 and tlag, 2 because both received signals refer to the same transmitted signal. Based on Eq. (7), if the tlag of the receiver at a diŠerent position, x, is measured and with the information of T(＝1/f ), l can be calculated.
By using Eqs. (3) and (7) the phase velocity can be cal- 
In order to minimise the artifacts from the test, the graph tlag versus x as shown in Fig. 2 is plotted andˆtted by linear relation. Then, the phase velocity is determined from the plot by using
where m is the gradient of the graph tlag versus x.
EXPERIMENTAL SETUP AND SOIL PROPERTIES
To demonstrate the new methodology, a series of experiments was carried out on reconstituted Kasaoka clay sample. Kasaoka clay is commercially available in a powder state, and liquid limit and plasticity index are 62z and 25z, respectively. The slurry of Kasaoka clay was preconsolidated under a vertical stress of 70 kPa. After that, specimen for BE test was prepared to be tested in a triaxial apparatus. The diameter and height of the specimen are 50 and 100 mm, respectively. Prior to the BE test, the specimen was isotropically consolidated in a triaxial apparatus with 300 kPa of cell pressure and 200 kPa of back pressure. Figure 3 shows a schematic view of experimental arrangement. As suggested by Lee and Santamarina (2005) , the parallel type BEs were used in this study to avoid the problem of cross-talk eŠect. BEs were prepared as described by Dyvik and Madshus (1985) and Chang (2005) . To ensure that the BE was bending in accord with the driving voltage, the self-monitoring (SM) circuit was adopted (Schulteiss, 1982) . The widths of the transmitter and receiver after coating were 21 mm and 11 mm, respectively. The free length of transmitter and receiver after coating andˆxing were 9.5 mm and 15 mm, respectively. The initial embedded lengths of transmitter and receiver BE into the sample were 9.5 mm and 5 mm, respectively.
The triaxial apparatus (Shibuya and Mitachi, 1997) was modiˆed by drilling the center of the bottom pedestal. Then, a penetration rod equipped with a receiver BE as shown in Fig. 4 was inserted through this hole from the bottom. After that, the penetration rod was driven into the hole in an axial direction by a thrust system completed with a stepping motor.
The stepping motor was used to control the movement of the rod so it is possible to gradually penetrate the receiver BE into the sample. During this process, travel time tests using single sinusoidal signal and variable pathcontinuous wave method were conducted for each position. The signal was generated and acquired by a data acquisition (DAQ) card which has the output and sampling rate of 4 MHz and 1 MHz, respectively. The single sinusoidal and continuous sinusoidal signals were generated by the DAQ card and sent through an ampliˆer to the transmitter BE. The amplitude of the signal after ampliˆcation was ±50 V. For each position, frequencies of 5, 6 and 7 kHz were employed for both signals. The penetration position of the receiver BE was determined by measuring the movement of the penetration rod with a displacement transducer.
It is noted that the frequencies of 5, 6 and 7 kHz were used. The frequency combined with the results of shear wave velocity determined in the test (presented in Table  1 ) led to the ratio L/l to be greater than 2, where L and l are travel distance and wavelength, respectively. Hence, the near-ˆeld eŠect can be reduced (Arroyo et al., 2003; Sanchez-Salinero et al., 1986) .
To prevent the soil from moving into the gap between the receiver BE and bottom cap, a 1 mm thick rubber membrane with thin slit at the centre was placed over the * L is the tip-to-tip distance when the receiver BE at position 6.006 mm pedestal as shown in Fig. 5 . The ‰exibility of the rubber membrane allowed the BE to bend with a minimum constraint. In addition, a piece ofˆlter paper was placed on top of the rubber membrane to close the remaining small gap.
PROCEDURE
According to Fig. 6 , at position zero, the displacement transducer reading was reset to zero. Then, BE test was performed using single sinusoidal (travel time method) and continuous sinusoidal signals (proposed method). After that, the receiver BE was penetrated into the soil sample under a constant rate (0.5 mm/minute) and stopped when it reached the next position. The BE test was conducted again and followed by the penetration of the BE to the next position. The procedures were repeated until theˆnal position of the receiver BE reached approximately 6 mm. During the testing process, the drainage valve was kept open so that no excess pore pressure would be generated. 
ANALYSIS AND DISCUSSION
For the proposed method, the primary results which are penetration position and time lag are used to calculate the phase velocity based on Eq. (9) . The acquired signals of transmitted (SM) and received at diŠerent positions for 7 kHz of frequency are shown in Fig. 7 . To get rid of high frequency noise, the acquired signal is least squarê tted with a clean sinusoidal wave. Then, the time lag of each test position is determined.
The time lag obtained from all the test positions using frequencies 5, 6 and 7 kHz are plotted in Fig. 2 . The linearˆtting line and gradient for each frequency is also shown in thisˆgure. By using the linear line gradient and Eq. (9) the phase velocity is calculated and shown in Table 1 .
For the travel time method, the shear wave velocity is calculated using Eq. (1). The travel distance is based on the tip-to-tip distance and the initial tip-to-tip distance is 83.53 mm. The subsequent tip-to-tip distance when the receiver penetrates to the new position is the diŠerence between the initial reading and the reading of the new position. The travel time is computed using the cross-correlation technique. The recorded transmitted (SM) and received signals at diŠerent position for 5 kHz of frequency are shown in Fig. 8 . Figure 9 shows the variations of Vs with the position of receiver. The average Vs calculated for frequencies 5, 6 and 7 kHz are shown in Table  1 .
By comparing the Vs, the Vs determined by proposed method may not be as consistent as compared to the travel time method. The reason is due to the frequency dependency of the phase velocity. For each frequency, it is noticeable that the phase velocity is less than the Vs calculated from the travel time method. The reason can be explained using Eq. (4), where the Vs determined from the travel time is group velocity, [ group. Hence, if the value of d[ phase /dk is positive, the phase velocity, [ phase, should be less than the group velocity, [ group.
CONCLUSIONS
In this paper, the variable-path length method using continuous sinusoidal wave is presented. It is capable of measuring the phase velocity of shear wave in a clay sample. The proposed method combined with conventional travel time method gives the explicit picture of the relationship between phase and group velocities. The uncertainty caused by the distance measurement can be avoided in the proposed method. The adapted continuous signal yields high signal recovery which is preferable for highly damped soil and in noisy environment. Since the proposed method can determine phase velocity at arbitrary frequency, this method should be able to be adopted for studying the frequency dependency of the shear wave velocity.
